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Abstract
Periodontitis is a multifactorial chronic inflammatory infectious disease that affects around
50% of the adult population in the USA. Neutrophils, which are the primary immune cells recruited
to restore health at sites of infection, are profuse in the gingival space during oral infections. In a
community-wide effort, pathogenic oral bacteria hijack neutrophil effector functions to evade
killing, resulting in an uncontrollable inflammatory loop that leads into inflammation-mediated
tissue injury. One of these harmful emerging oral pathogens, Filifactor alocis, has been shown to
evade neutrophil killing and contribute to disease progression. The purpose of this study is to gain
a better characterization of the strategies deployed by F. alocis to manipulate neutrophil functional
responses to support an unresolving inflammation. It has been previously shown that F. alocis is
efficiently internalized by human neutrophils and 60% of the internalized organism remains viable
in the phagosome up to 4 h post-infection. As a measure of productive bacterial infection, the
expression of F. alocis proteins in infected neutrophils was determined at different time points of
infection. A high abundance of F. alocis proteins was detected at 1 and 3 h post infection with a
decrease by 18 h. The presence of bacterial proteins in infected neutrophils after 18 h post infection
led us to explore the functional capacity of those infected neutrophils upon additional stimulation.
Interestingly, F. alocis-infected neutrophils were able to phagocytize another bacterial challenge
more effectively than uninfected neutrophils.
Microbial pathogens can impact neutrophil functional responses both by direct interaction
and by the release of bacterial-derived molecule(s). Preliminary results from the Uriarte laboratory
showed that pre-treatment of human neutrophils with F. alocis-derived molecule(s), in filtered
culture supernatants, inhibited both N-formyl peptide (fMLF) and Toll-like receptor (TLR)induced granule exocytosis. To reach a better understanding of the ability of F. alocis-derived
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molecule(s) to manipulate granule exocytosis, their effect on p38 and ERK 1/2 MAPK signaling
pathways associated with neutrophil functional responses was examined. Phosphorylation of p38
MAPK and ERK 1/2 was determined by immunoblotting. Pre-treatment of neutrophils with F.
alocis-derived molecule(s) significantly reduced fMLF-induced ERK 1/2 phosphorylation but not
p38 MAPK phosphorylation. Similarly, pre-exposure of neutrophils to the F. alocis-derived
molecule(s) inhibited ERK 1/2, but not p38 MAPK, activation induced by opsonized F. alocis
challenge. Furthermore, the inhibitory effect on ERK phosphorylation, provoked by F. alocis
culture supernatant, was reversible. Moreover, treatment of the bacterial supernatant with DNAse,
RNAse, Proteinase K or 2 h at 95 °C, had no impact on the inhibitory activity. Together, this data
shows that the bacterial compound(s) released by F. alocis, which is neither a protein nor a nucleic
acid, proactively inhibited ERK 1/2 activation. This inhibition may compromise several key
neutrophil functions beyond granule exocytosis, putting the immune cell at a disadvantage in the
fight against the dysbiotic microbial community present in periodontitis.

Lay Summary
Periodontitis is a severe gum disease that afflicts hundreds of millions of people worldwide.
The disease is characterized by an alteration of the microbial community due to colonization of
keystone pathogens that promotes exacerbated inflammation through a disruption in the hostmicrobe homeostasis. The resulting chronic inflammation leads to gingival tissue deterioration and
tooth loss. Neutrophils, which are white blood cells that are usually efficient at fighting off
infections, are instead manipulated by these pathogenic bacteria into an uncontrollable
inflammatory state. Essentially, the microorganisms present in periodontitis force the host to harm
itself by manipulating its own defense system. One of the pathogenic bacteria involved in this
process is Filifactor alocis. This bacterium has been shown to manipulate certain neutrophil
4

functional responses to promote bacterial survival, but the specific mechanisms induced by F.
alocis remains to be determined. In this study, I further characterized F. alocis’ ability to survive
the neutrophil assault and found that the bacteria, as well as their secreted molecules, are able to
redirect certain neutrophil killing tactics.

Introduction
One of the most significant contributors to the international crisis of chronic ailments is
periodontitis, a polymicrobial infectious disease [1, 2]. Periodontal diseases are among the most
common chronic ailments in the world, present in an estimated 20–50% of the global population
and responsible for major health concerns in developed and developing nations alike [1, 3]. In the
United States, periodontal disease disproportionately afflicts nearly half of the adult population
aged ≥30 years, with severity and incidence rates notably higher among groups of typically low
health literacy, including the impoverished, elderly, and minority/ethnic groups [4, 5]. Many risk
factors beyond genetic predisposition, including habitual smoking and diabetes mellitus, are also
linked to periodontitis occurrence [3, 4]. In a clinical setting, periodontitis can be characterized as
an advanced form of gingivitis, with unchecked oral inflammation leading to severe destruction of
the tooth-supporting alveolar bone and periodontal ligament, as well as a deepening of periodontal
pockets (areas between teeth and gums) by destruction of gingival tissue [6]. Although the gingival
swelling, bleeding, and potential tooth loss themselves constitute a poor quality of life, the greater
burden of periodontitis lies in its associations with other systemic diseases. Ailments such as
rheumatoid arthritis, cardiovascular disease, and bronchitis are often seen in concurrence with
periodontitis and can promote a deadlier state of systemic inflammation together than would be
possible alone [6-8]. As the treatments for these diseases, especially chronic periodontitis, are
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largely symptomatic and short-lived, there has been a large focus in recent years on uncovering
the molecular mechanisms that drive the chronic unresolved inflammation [9].
The primary etiology of periodontitis is reliant upon changes in the microbial make-up of
the oral plaque. Although disease onset was long thought to be dictated solely by the presence of
a triad of oral pathogens—Porphyromonas gingivalis, Treponema denticola, and Tannerella
forsythia—recent high throughput analyses have revealed many other bacterial species that have
an even stronger correlation with periodontal disease [10, 11]. Moreover, P. gingivalis, which
cannot induce the damaging inflammatory conditions alone, is able to instigate virulence in its
surrounding polymicrobial community instead, thus supporting the idea that disease progression
is linked to changes in the microbial composition [12, 13]. These findings prompted a paradigm
shift to the current polymicrobial synergy and dysbiosis model (PSD) to explain the etiology of
periodontitis. The PSD model supports the notion that the disease manifestation is dependent on
the shift from a symbiotic microbial community to a dysbiotic community [14]. Oral colonization
by specific “keystone pathogens”, like P. gingivalis, begins this microbial shift by suppressing the
immune response in the periodontal pocket and facilitating colonization of other pathogenic
species [6, 14]. In contrast to the indigenous/symbiotic microbial inhabitants, these new
microorganisms are increasingly “specialized”, with virulence factors that allow them to evade or
resist killing by the immune cells [15]. In this dysbiotic environment, many oral pathogenic
bacteria have metabolic functions permitting them to survive and take advantage of the toxicity of
the inflamed environment by securing nutrients from breakdown of host tissue [6, 14, 16]. Thus,
each bacterium has its own role in the microbial community, but it is ultimately the community’s
synergistic rewiring of the host immune system that allows the pathogens to outcompete the
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commensal flora, increase their own fitness, and propel host inflammation into a dangerous
positive feedback loop [14].
As more members of the vast oral microbiome have been characterized in recent years,
there have been several emerging oral bacteria linked to periodontal disease progression, including
Filifactor alocis [17]. F. alocis is a slow-growing, Gram-positive, obligate anaerobic rod that is
found in very high numbers in diseased periodontal pockets compared to healthy sites, a feature
that puts the emerging oral pathogen in consideration for being a diagnostic indicator of disease
[18-20]. Like other oral pathogens, F. alocis is well suited to tolerate the stress present in the
gingival microenvironment. As an asaccharolytic bacterium, it depends on free amino acids for
energy, which can be readily obtained during the breakdown of gingival tissue by the release of
host and bacterial proteases [19, 21]. Studies have indicated greater growth and epithelial adhesion
of F. alocis when cocultured with P. gingivalis, demonstrating F. alocis’ potential to increase
virulence through interactions with other periodontal pathogens within the gingival microbial
community [17, 19]. Moreover, F. alocis is known to resist oxidative stress, release tissuedamaging proteases, and invade host epithelial cells, as host evasion survival strategies to grow in
the gingival tissue [17].
Neutrophils are the most abundant of circulating leukocytes (white blood cells) in human
blood and are tasked with the non-specific recognition and elimination of infectious microbes [22,
23]. Disruptions in the quantity, movement, and killing mechanisms of neutrophils can therefore
be very dangerous, and are common phenotypes in immunodeficiency disorders [24]. In
periodontitis, neutrophils make up the majority of recruited leukocytes in the periodontal pocket
(Fig 1), and are brought from the vasculature to general sites of infection via attachment and
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transmigration through inflamed epithelia [25-27]. Endogenous and exogenous chemoattractant
gradients in the periodontal pocket provide specific directions towards the bacterial plaque [25].
Figure 1

Uriarte et.al, Immunol Rev 2016

Fig 1. Schematic of healthy and diseased periodontium. Overabundance/overactivation of neutrophils in response to
dysbiotic biofilm leads to exacerbated inflammation of periodontitis. In contrast to the “Healthy Periodontium”, which
displays a community of symbiotic bacteria and little to no gingival destruction, the “Diseased Periodontium” contains a
much larger bacterial plaque made up of dysbiotic, manipulative microbial community. The high number of recruited
neutrophils are unable to quell the dysbiotic microbial community and lead to extensive host-tissue damage, as seen in the
deepening “Periodontal Pocket” as the inflamed gingival tissue pulls away from the tooth.

Neutrophils of the diseased periodontal pocket exist within a diverse, inflammatory milieu
of cells and molecules present in the gingival crevicular fluid (GCF) [27]. As many of the GCF
inhabitants during periodontitis are either cytokines (immune cell signaling proteins), bacterialreleased molecules, or living bacteria themselves, neutrophils have evolved a variety of membrane
8

receptors to recognize these agents in order to “activate” and orchestrate attacks against infectious
agents [22, 27]. N-Formylmethionine-leucyl-phenylalanine (fMLF) is part of a family of Nformylated peptides released by bacteria, and is a very potent neutrophil activator and
chemoattractant (directs neutrophils towards bacteria) [28]. fMLF and similar peptides bind to
specific G-protein coupled receptors on neutrophils, which can start signaling cascades towards a
variety of neutrophil functions. Likewise, many other neutrophil stimuli are recognized by the tolllike receptors (TLRs), a family of innate immune cell receptors that have the ability to respond to
a wide array of microbes [29]. In some cases, the signaling cascades for TLRs and other stimuli
receptors, like the fMLF-receptor, can overlap and activate certain neutrophil mechanisms in a
complementary fashion.
When encountering affronting microbes, neutrophils make a first attempt to internalize
them via phagocytosis, a process made more efficient by opsonization (coating of specific
immunoglobulins and/or complement proteins present in the serum) of the pathogens [30]. If
successful, neutrophils seek to poison the inhabited phagosome (phagocytic vacuole) by a variety
of antimicrobial tactics. One of these tactics is oxygen-dependent and referred to as the “respiratory
burst”, as it is marked by an increased oxygen consumption by the neutrophil [23]. Through greater
oxygen consumption and recruitment/activation of specialized enzyme complexes at the
phagosome membrane, the neutrophil can generate bactericidal reactive-oxygen species (ROS) in
the phagosome [23, 31]. In addition, neutrophils can mount an oxygen-independent antimicrobial
attack through the fusion of granules, containing antimicrobial contents, with the phagosome
membrane [23]. Neutrophils have different type of granules, which are differentiated based on
their protein content as well as their density. Furthermore, mobilization and release of the different
granule subtypes, a process referred to as degranulation/exocytosis, occurs in a hierarchal order
9

and is stimuli-dependent [32]. Some microorganisms can avoid being internalized by neutrophils
and in those scenarios, both ROS generation and degranulation takes place at the plasma membrane
[32].
As the main proponents of the body’s innate immune response during periodontal
infections, neutrophils are a major target for manipulation by periodontal pathogens. Under normal
circumstances, neutrophil function and circulation are tightly regulated. The cells stay in a state of
quiescence until activation by pro-inflammatory signals, and possess a relatively short turnover
rate of 8–12 h in blood and up to 2 d in tissue [23]. The neutrophil’s constitutive ability to dictate
its own death, through a multitude of pathways, is critical and imperative in maintaining healthy
neutrophil numbers [25]. However, periodontal pathogens thrive by disrupting the mechanisms
underlying these functions, resulting in the chronic overaccumulation and activation of neutrophils
[14]. For instance, activated neutrophils in the gingiva that are unable to undergo apoptosis
(programed cell death) will still contribute to the extracellular release of ROS and other toxins,
leading to the break-down of host tissue and deepening of the periodontal pocket (Fig 1). The
resulting free nutrients allow for the bacteria to thrive, and the neutrophils that continue to infiltrate
the area only serve to perpetuate the inflammatory loop [16]. Understanding the molecular
signaling that guides these host-pathogen relationships, therefore, is essential towards addressing
novel therapeutic interventions to prevent disease progression.
In recent years, the many interactions that have been uncovered between F. alocis and
neutrophils in the periodontal setting have strongly suggested the bacterium’s ability to evade
neutrophil killing [33]. First, F. alocis possesses surface proteins that allow it to avoid deposition
of some complement proteins, helping to prevent its killing by another important innate immune
response [34]. Although this does not prevent efficient phagocytosis by neutrophils, F. alocis has
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been also shown to prevent “maturation” of the phagosome by inhibiting granule recruitment,
leading to lower ROS production and less antimicrobial content release at the inhabited phagosome
[35]. Internalized F. alocis is thus able to remain viable 4 h post neutrophil challenge. Preliminary,
unpublished data gathered by Irina Miralda in the Uriarte laboratory suggests that F. alocis delays
neutrophil apoptosis, which blocks a necessary step for macrophage clearance of neutrophils and
resolution of inflammation in the periodontal space. Furthermore, preliminary findings by Chris
Klaes in the Uriarte laboratory displayed that pre-treatment of human neutrophils with F. alocis
culture supernatant, which contains the bacteria’s secreted products but not the bacteria itself,
inhibits degranulation in response to different stimulatory agonists. In the protein phosphorylation
signaling-cascades known to control granule mobilization and other neutrophil effector functions,
mitogen-activated protein kinases (MAPKs) p38 and ERK 1/2 are prominent figures [36-38].
Therefore, I began to characterize the effect of F. alocis-derived molecule(s) on MAPK signaling
pathways induced by different stimuli in human neutrophils. Moreover, in order to elucidate F.
alocis’ survival within the neutrophil phagosome, I challenged neutrophils with live and heatkilled F. alocis and quantified the viability of bacterial proteins over time as a marker of productive
infection.
My working hypothesis was that F. alocis manipulates neutrophil functional responses to
support an unresolving inflammation. To address this hypothesis, two goals were pursued. The
first goal was to examine the production of F. alocis proteins in infected neutrophils at different
time points, as a measure of productive infection. The second goal was to characterize the impact
of F. alocis-derived molecule(s) on the MAPK signaling pathways that control neutrophil proinflammatory functional responses.
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Materials and Methods
a) Human neutrophil isolation.
Neutrophils were isolated by the Uriarte laboratory manager, Terri Manning, from healthy
human donors utilizing the plasma-Percoll gradients as previously described [39]. For each set of
assays described, biological replicates included both male and female blood donors. Under light
microscopic evaluation via Wright staining (ENG Scientific, Inc), isolated cells were shown to be
>90% neutrophils for each experiment used. This was in accordance with the guidelines set by the
Institutional Review Board at the University of Louisville.
b) Bacterial strains and growth conditions.
A senior research associate in Dr. Uriarte’s laboratory, Aruna Vashishta, was responsible
for culturing F. alocis (ATCC 38596) as previously described [40, 41]. Briefly, bacteria were
inoculated to an optical density (OD) of 0.08 in brain heart infusion (BHI) broth supplemented
with arginine (0.05%) and L-cysteine (0.01%) and cultured anaerobically at 37 °C for 14 d.
F. alocis was grown planktonically, or in broth suspension, unless otherwise stated. Heat-killed
F. alocis was generated by incubation of respective bacteria at 90 °C for 1 h.
c) Immunoblotting for F. alocis protein expression.
Isolated human neutrophils (1 × 107 cells/ml) were centrifuged (6,000 rcf, 30 s) and
resuspended in phenol-red Roswell Park Memorial Institute (RPMI) 1640 culture medium (SigmaAldrich, St. Louis, MO) supplemented with 5% human serum (Sigma-Aldrich). Neutrophils
(denoted as “cells”) were plated on sterile 12-well plates and either unchallenged (used as a
negative control) or challenged with F. alocis or heat-killed F. alocis (bacterial challenges at
multiplicity of infection [MOI] of 10 or 50 bacteria per neutrophil). Cells were centrifuged (600
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rcf, 4 min, 14 °C; to synchronize phagocytosis) and incubated (1, 3, 18, or 24 h) at 37 °C. Following
incubation, neutrophils were centrifuged (6000 rcf, 30 s) and resuspended in ice-cold lysis buffer
consisting of 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% (vol/vol) Triton X-100, 0.5% (vol/vol)
Nonidet P-40, 20 mM NaF, 20 mM NaVO3, 1 mM EDTA, 1 mM EGTA, 5 mM
phenylmethylsulfonyl fluoride (PMSF), 21 µg/ml aprotinin, 2 mM diisopropyl fluorophosphate,
and 5 µg/ml leupeptin. Protein quantity was equalized across all conditions by a Pierce™ BCA
Protein Assay kit (Thermo Fisher Scientific) and spectrophotometric analysis (SoftMax® Pro,
Molecular Devices). Cell lysates were collected in 4× Laemmli sample buffer (Bio Rad
Laboratories) with dithiothreitol (DTT; 1 M). To detect total F. alocis protein production, lysate
proteins were separated by size by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and immunoblotted with a custom-made F. alocis protein antibody and GAPDH
antibody at 1:1000 dilution, and β-actin antibody at 1:750 dilution (Cell Signaling). Anti-Rabbit
and Anti-Mouse HRP secondary antibodies (Cell Signaling) were used at 1:2000 dilutions.
Specific antigen-antibody interactions were visualized by chemiluminescence with the ECL
system (Amersham Pharmacia Biotech) and used to quantify protein expression. Densitometric
values of protein bands were calculated using Image Lab software.
d) Phagocytic ability of F. alocis-challenged neutrophils.
Isolated human neutrophils (1 × 107 cells/ml) were centrifuged (2000 rpm, 5 min) and
resuspended in phenol-red Roswell Park Memorial Institute (RPMI) 1640 culture medium (SigmaAldrich). Conditions of 2 × 107 cells were either unstimulated or stimulated with non-opsonized
F. alocis (MOI of 10) and incubated (18 or 24 h) at 37 °C. Following incubation, cells were
centrifuged (2000 rpm, 5 min) and cell concentration was determined by hemocytometry, in order
to split each sample into two new conditions of 4 × 106 cells each. Cells were then either
13

unchallenged or challenged with opsonized, Alexa Fluor™ (AF) 488 conjugate Staphylococcus
aureus (MOI 10:1; Invitrogen), which is a bacterium known to be efficiently internalized by
neutrophils [42]. Cells were fixed with 4% paraformaldehyde (PFA), resuspended in AF647
conjugate wheat germ agglutinin (WGA; 2 µg/ml; Invitrogen) and washed in 0.01 M phosphatebuffered saline (PBS; Sigma-Aldrich). To quantify neutrophil phagocytic ability, internalization
of S. aureus by neutrophils was measured by INSPIRE software (Amnis Corporation) that
analyzed populations of 2000 events/condition through imaging flow cytometry on an
ImageStreamX Mk II (Luminex). In each condition, 1450-1550 neutrophils were chosen from the
population by the software for analysis. In order to verify neutrophil extended lifespan postinfection, cells (1 × 106 cells/ml) from each condition were centrifuged (1000 rcf, 5 min) to cover
slips, fixed with 4% PFA and stained with a HEMA 3 stain kit per the manufacturer’s instructions
(Thermo Fisher Scientific) for microscopic evaluation. Condensed nuclei structure was used as a
marker for apoptotic/dead cells. This protocol was based loosely on one that is previously
described [43].
e) F. alocis spent supernatant preparation.
A senior research associate in Dr. Uriarte’s lab, Aruna Vashishta, was responsible for
preparing F. alocis spent supernatants from F. alocis grown in suspension and in biofilm cultures.
F. alocis cultures, as described in the previous section, were centrifuged and the supernatant
collected. Collected supernatant was filtered through an ultra-low protein binding filter (MillexGV Syringe Filter Unit, 0.22 μm, PVDG, 33 mm, gamma sterilized; MilliporeSigma) to remove
bacteria residues from the growth culture without losing the bacterial-derived molecules of
interest. For some experimental assays, F. alocis culture supernatant and BHI broth (used as a
media control) were passed once through a 3-kDa cutoff Amnicon® Ultra-4 Centrifugal Filter Unit
14

(Millipore Sigma, Burlington, MA) by centrifugation (4000 rpm, 30 min, 4 °C). The “flowthrough” (FT) filtrate of the supernatant was collected. Under certain experimental designs, the
retentate fraction, which included the concentrated ≥3 kDa molecule, was also collected and
reconstituted to the initial volume of supernatant. Additionally, in certain assays, the FT bacterial
supernatant was treated with 50 µg/ml DNAse I and RNase A at 37 °C for 2 h, followed by
40 µg/ml proteinase K at 56 °C for 18 h, followed by heat-treatment at 95 °C for 2 h as previously
described [44].
f) Immunoblotting of MAPK phosphorylation.
Isolated human neutrophils (1 × 107 cells/ml) were centrifuged (6,000 rcf, 30 s) and
resuspended in 1 ml of prepared Krebs-Ringer phosphate buffer containing 0.2% dextrose (Krebs;
pH 7.2) as previously described [6], BHI broth, F. alocis culture supernatant, F. alocis culture FT
supernatant, or F. alocis retentate fraction of culture supernatant, for 15 min at 37° C. To test the
inhibitory effect of F. alocis supernatant on MAPK phosphorylation, treatments of cells with Krebs
and BHI broth were both used as negative controls. Cells were then unstimulated (as a negative
control), stimulated with the bacterial peptide fMLF (300 nM, 1 min; Sigma-Aldrich), or
challenged with opsonized F. alocis (MOI of 10:1, 15 min) at 37° C. Following stimulation,
neutrophils were centrifuged (6000 rcf, 30 s) and resuspended in ice-cold lysis buffer as described
in the previous section. Protein lysates were separated by 12% SDS-PAGE and immunoblotted
with primary antibodies at 1:1000 dilution for phospho-ERK 1/2, total ERK 1/2, phospho-p38
MAPK, and total p38 MAPK, and 1:750 dilution for β-actin (Cell Signaling). Appropriate
secondary antibodies were used at 1:2000 dilution. Protein bands were visualized and quantified
by chemiluminescence as described in the previous section.
g) Reversible effect of F. alocis culture supernatant.
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Isolated human neutrophils (1 × 107 cells/ml) were centrifuged (6,000 rcf, 30 s) and
resuspended in Krebs buffer, BHI culture broth, or F. alocis supernatant, as described in the
preceding section. To test if the inhibitory effect of the F. alocis supernatant was proactive and
reversible, cells in F. alocis supernatant were either left alone or centrifuged (6,000 rcf, 30 s), then
resuspended in Krebs buffer or back into F. alocis supernatant. After the same stimulatory
conditions listed in the preceding sections, all experimental conditions underwent cell lysis and
immunoblot protein quantification as described above.
h) Biofilm growth of F. alocis
In preparation for certain assays, Aruna Vashishta, a senior member of Dr. Uriarte’s
laboratory, grew F. alocis in monospecies biofilm cultures. F. alocis (ATCC 38596) was
inoculated to a 0.08 OD in 2 ml BHI culture broth on a 6-well plate under sterile conditions. Plating
the bacteria allowed for colonies for adhere to each other and the stationary phase (surfaces of the
well) during growth, creating the characteristic aggregation of microbes and extracellular matrix
found in bacterial biofilms [45]. Growth occurred under anaerobic conditions at 37 °C for 14 d,
after which bacterial supernatant was collected as described in the previous section.
i) Statistical analysis.
For the experimental conditions tested, all statistical examination was performed using a
one-way analysis of variance (ANOVA) alongside the Tukey-Kramer multiple-comparison
posttest (GraphPad Prism Software, San Diego, CA, USA). Differences were deemed significant
at P levels <0.05.
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Results
Live F. alocis displays persistent survival within neutrophil phagosomes
F. alocis is efficiently internalized by human neutrophils and remains viable up to 4 h postinfection through the mounting of minimal ROS production and prevention of phagosome
maturation [35]. Though internalized bacteria face adverse conditions within neutrophils, other
bacterial species that can manipulate neutrophil antimicrobial functions in a likewise manner have
shown the ability to not only survive, but grow and proliferate within the phagosome [46].
However, it is not known whether F. alocis can grow and/or replicate during its internalization in
human neutrophils. In order to begin to address this question, I chose to examine the rate of
F. alocis protein degradation within neutrophils as a proxy for quantification of viable bacteria in
the phagosome. Neutrophils were first plated under sterile conditions, then left unchallenged or
challenged with live, serum-opsonized F. alocis or heat-killed F. alocis at a MOI of 10:1.
Unchallenged cells served as a negative control for F. alocis protein expression, and heat-killed F.
alocis was used to ensure that the viability of the bacterium was necessary for a delayed rate of
bacterial degradation at the phagosome. Challenged neutrophils underwent synchronized
phagocytosis to ensure optimal bacterial uptake, and were incubated for 1, 3, and 18 h. At each
time point, neutrophils were centrifuged, to remove the non-internalized bacterium, followed by
cell lysis. Lysate proteins were separated on an acrylamide gel by SDS-PAGE for Western
blotting. A custom-made F. alocis antibody in the Uriarte laboratory was used to detect all the
bacterial proteins, which were included in the densitometric analysis. Blots were stripped and
probed for GAPDH which served as the loading control. The data shown includes a representative
immunoblot (Fig 2A) as well as the F. alocis proteins to GAPDH ratios for different biological
replicates (Fig 2B).
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Figure 2
A

B

Fa Protein Expression
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Fig 2. Proteins of live F. alocis were detected in the infected neutrophil for up to 18 h. A) Isolated human neutrophils (1 ×
107 cells/ml) were centrifuged (6,000 rcf, 30 s) and resuspended in phenol red RPMI 1640 culture medium. Cells were plated
on a sterile 12-well plate and either unchallenged (Basal) or challenged with live F. alocis (Live Fa) or heat-killed F. alocis
(HK Fa) at an MOI of 10:1. Conditions were centrifuged (600 rcf, 4 min, 14 °C; to synchronize phagocytosis) and incubated
(1, 3, or 18 h) at 37 °C. Cell lysates were collected at appropriate time points. Immunoblot analysis for F. alocis proteins
(Fa proteins) and GAPDH (used as loading control) were performed. Representative immunoblots for Fa proteins and
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GAPDH are shown, along with F. alocis lysates and protein ladder for molecular weight reference. B) Densitometric
analysis of immunoblots for Fa proteins was performed, with all visible protein bands included in each condition’s
quantification. Densitometric analysis of GAPDH was also performed (n=3 biological replicates). Data are expressed as
mean ± SEM as the ratio of Fa total proteins to GAPDH.

As F. alocis is a slow growing, obligate anaerobe, it is most likely that the nutrient-depleted
phagosome is a hostile environment to support its growth [19]. I thus hypothesized that the protein
quantity of live F. alocis would not stagnate or rise, but gradually decrease over the incubation
period, mimicking the subdued but gradual decrease of viable internalized F. alocis that has been
previously observed. In the data I collected, lysates from neutrophils challenged with live F. alocis
(Live Fa) displayed high protein levels at 1 h that underwent a slow, general decrease through 3
and 18 h (Fig 1B). In contrast, low, basal-like levels of bacterial proteins were observed throughout
all time points when neutrophils were challenged with heat-killed F. alocis. These results suggest
that viable F. alocis can delay bacterial degradation in the phagosome (Fig 2B). Although this data
generally supported my hypothesis, no statistical significance was reached. Increasing the number
of biological replicates will be needed to confirm these findings.
Increased multiplicity of F. alocis infection has no effect on its internalized survival
Based on the general trend I had seen in the previous assays, I next wanted to determine if
the rate of degradation of internalized F. alocis would be hindered further upon an increased
bacterial load. Since F. alocis is found with relative high abundance in diseased periodontal
pockets, it is likely that neutrophils in vivo could encounter the microorganism at higher
multiplicities than 10:1 during active periodontitis [20]. As the ratio of bacteria to neutrophils
increases, more bacteria are internalized, and this may favor F. alocis survival by overwhelming
the neutrophil degradative response. To address this possibility, quantification of F. alocis proteins
in neutrophil lysates was again utilized as a proxy for internalized bacterial survival over time.
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Neutrophils were plated, and left unchallenged, challenged with live F. alocis at a MOI of 10:1, or
challenged with live F. alocis at a MOI of 50:1. Synchronized phagocytosis, lysate collection, and
Western blotting followed as described for the previous assay, apart from β-actin protein being
used as a loading control instead of GAPDH (Fig 3). Though I expected an overall increase in
bacterial protein levels in the conditions infected with a MOI of 50:1 compared to an MOI of 10:1,
I hypothesized that the rate of protein degradation over the 18 h time-course would be slower at
50:1 MOI, suggesting that the increased amount of F. alocis present in the neutrophil phagosome
would be able to overwhelm the neutrophil’s ability to kill the organism.
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Fig 3. Increased MOI challenge of live F. alocis did not affect the rate of bacterial protein degradation. A) Isolated human
neutrophils (1 × 107 cells/ml) were centrifuged (6,000 rcf, 30 s) and resuspended in phenol red RPMI 1640 culture medium.
Cells were plated on a sterile 12-well plate and either unchallenged (Basal) or challenged with live F. alocis at a MOI of
10:1 (10 Fa) or at a MOI of 50:1 (50 Fa). Conditions were centrifuged (600 rcf, 4 min, 14 °C; to synchronize phagocytosis)

21

and incubated (1, 3, or 18 h) at 37 °C. Cell lysates were collected at appropriate time points. Immunoblot analysis for F.
alocis proteins (Fa proteins) and β-actin were performed. Representative immunoblots for Fa proteins and β-actin are
shown, along with F. alocis lysates and protein ladder for molecular weight reference. B) Densitometric analysis of
immunoblots for Fa proteins was performed, with all visible protein bands included in each condition’s quantification.
Densitometric analysis of β-actin was also performed (n=3 biological replicates). Data are expressed as mean ± SEM as the
ratio of phosphorylated to total kinase.

As expected, the data showed an overall increase of F. alocis protein levels in the
neutrophils challenged with bacteria at a MOI of 50:1 (50 Fa) compared to those challenged at a
MOI of 10:1 (10 Fa); however there was no visible difference in their rates of degradation
(Fig 2B). More importantly, degradation was observable over time in the 50 Fa conditions,
suggesting that an increased MOI and subsequent increased infection of F. alocis did not have any
further effect on hindering neutrophil killing mechanisms at the phagosome (Fig 3B). However,
no significant difference was found between the different time points of each condition, so these
findings are not definitive (Fig 3). More biological replicates will be required to reduce the large
error bars in the 50 Fa conditions and reach statistical significance.
Neutrophils retain phagocytic ability under prolonged F. alocis infection
When released into circulation, neutrophils are terminally differentiated cells, unable to
proliferate and, if unchallenged, programed to undergo apoptosis after 8–12 h in circulation [23].
In contrast to their immature form in the bone marrow, mature neutrophils display a constitutive
apoptotic program, which dictates their relatively short lifespan in blood and serves as a control
for inflammation [23, 47]. However, in the context of periodontitis, the delay of neutrophil
apoptosis by manipulative bacterial pathogens is a common occurrence as one strategy to sustain
unresolved inflammation [25]. Accordingly, unpublished data from the Uriarte laboratory has
shown that live F. alocis is able to hinder neutrophil apoptosis. It is unknown, however, if F. alocis
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manipulation of the neutrophil apoptotic program allows for the cell’s functional capacity to be
retained as well, since the in vivo bacterium may further benefit from disrupting neutrophil killing
mechanisms. To begin to address this question, I focused first on defining if the delay in neutrophil
apoptosis induced by F. alocis would allow the cells to retain their phagocytic capacity upon a
second stimulation. As my previous data suggested that internalized live F. alocis was able to
avoid complete degradation by 18 h post-infection, I wanted to see specifically if the phagocytic
ability remained by 18 h, as well as 24 h. I hypothesized that the phagocytic ability would be
enhanced in F. alocis challenged cells relative to unchallenged cells by 18 h, but that the ability
would decrease by 24 h as more of the internalized bacteria were eliminated.
To analyze the phagocytic capability of aged neutrophils, I utilized the relatively new
technique of imaging flow cytometry (IFC). IFC is a high-throughput technology that allows for
the counting and imaging of entire samples of cells based on both morphological and fluorescent
parameters [48]. Though it can serve many functions, I utilized IFC specifically to measure the
internalization of another, easily phagocytized bacterium by neutrophils aged with or without F.
alocis. In order to achieve this, neutrophils in RPMI media were either uninfected or infected with
opsonized F. alocis at a MOI of 10:1, then incubated for 18 or 24 h. Since unaltered neutrophils
have a quick turnover rate, uninfected cells were expected to undergo apoptosis normally and thus
served as a negative control. At each timepoint I left cells unchallenged (another negative control)
or infected them with heat-killed, opsonized, fluorescently labeled Staphylococcus aureus at a
MOI of 10:1. Similar to F. alocis, opsonized S. aureus is easily internalized by neutrophils,
especially when already dead, and the fluorescent label allowed for the bacterium to be visualized
during IFC [30, 42]. Cells were also treated with fluorescently labeled wheat germ agglutinin
(WGA), which bound to the plasma membrane of cells and served as a IFC marker for the
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neutrophil itself [49]. For each condition, a population of 2000 events (particles/cells that were
taken up from the sample) were imaged and analyzed. The INSPIRE software created statistical
gates based on cell morphology and WGA-fluorescence intensity to select only neutrophils (14501550 cells). Further gates used the location of S. aureus fluorescence relative to the WGA-stained
plasma membrane in conditions challenged with S. aureus to determine the percent of cells
containing internalized bacteria. To verify that F. alocis was hindering apoptosis, cells at each
timepoint were spun down and fixed to cover slips, followed by HEMA staining. Cell populations
were briefly viewed by light microscopy to verify differences in apoptotic tendencies.
Figure 4
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Fig 4. Neutrophils challenged with F. alocis displayed enhanced phagocytic ability at 18 h, but not 24 h, post-infection. A)
Neutrophils (1 × 107 cells/ml) were centrifuged (2000 rpm, 5 min) and resuspended in phenol red RPMI 1640 culture
medium. Cells were either unstimulated or stimulated with non-opsonized F. alocis (MOI of 10) and incubated (18 or 24 h)
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at 37 °C. Cells were then centrifuged (2000 rpm, 5 min) and either unchallenged or challenged with opsonized AF488
Staphylococcus aureus at MOI 10:1. Cells were fixed with 4% paraformaldehyde (PFA) and resuspended in AF647 Wheat
Germ Agglutinin (WGA; 2 µg/ml). Internalization of S. aureus was measured by imaging flow cytometry. Representative
flow images for unchallenged cells (Media), cells challenged with S. aureus only (Media + Sa), cells challenged with F. alocis
only (Fa), and cell challenged with F. alocis and S. aureus (Fa + Sa) for each time point (18 and 24 h) are shown. B) Analysis
of S. aureus internalization by Media and Fa neutrophils at 18 and 24 h was performed (n=4 biological replicates). Data are
expressed as mean ± SEM of the percent of neutrophils containing internalized S. aureus. ** = P<0.01. C) Cells (1 × 106
cells/ml) post F. alocis-infection were centrifuged (1000 rcf, 5 min) down to cover slips, fixed to the slips with 4% PFA, and
stained for microscopic evaluation. Representative images for uninfected cells (Media) and F. alocis-infected cells (Fa) are
shown for each time point (18 and 24 h). Condensed nuclear structure was used as a marker for apoptotic/dead cells.

The representative flow images above illustrate how neutrophils with phagocytized
bacteria were detected, as cells containing the green fluorescence of S. aureus within the red WGAlined plasma membrane were counted as “positive” for internalization by the flow cytometry
software (Fig 4A). They also depict the relative phagocytic ability that was observed for each
condition (Fig 4A). Moreover, the representative images of cells under light microscopy depicted
the apoptotic differences of the uninfected (Media) and F. alocis-infected (Fa) cell populations
(Fig 4C). At 18 h, the unstimulated cells, which were kept just in RPMI media, contained many
cells with dark, condensed nuclei, a marker of the apoptotic process. This was expected, as there
was nothing given to the cells over the time course to prevent the initiation of their constitutive
apoptotic program. However, the F. alocis–infected neutrophils at the same timepoint showed
most of the cells with the characteristic multi-lobulated nucleus of healthy neutrophils, suggesting
that F. alocis was indeed prolonging the neutrophil lifespan at 18 h. At 24 h, both populations
showed similar amounts of apoptotic cells (Fig 4C).
Overall, the data I gathered showed that neutrophils infected with F. alocis had
significantly higher rates of S. aureus internalization compared to their uninfected counterpart at
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18 h (Fig 4B). Furthermore, the rate of S. aureus internalization by F. alocis-infected neutrophils
at 18 h was significantly higher than at 24 h. These findings indicate that by extending the
neutrophil lifespan, F. alocis allows the cells to retain their phagocytic capacity upon encountering
a second stimulation.
F. alocis supernatants selectively inhibited fMLF-stimulated activation of ERK 1/2 MAPK
Pathogenic organisms can manipulate immune cells by direct interaction as well as from a
distance by release of virulence factors. My results thus far showed that F. alocis was able to
prevent its degradation by human neutrophils. In addition, the oral pathogen not only prolonged
neutrophil lifespan but enhanced the cell phagocytic capacity compared to uninfected cells. Next,
I shifted my research focus to examine the potential distal effects of F. alocis secreted products on
human neutrophils. As discussed previously, preliminary data from the Uriarte laboratory had
shown that F. alocis derived molecule(s), present in the bacterial supernatant, were able to hinder
neutrophil degranulation. Activation of mitogen-activated protein kinases (MAPKs) are involved
in several neutrophil effector functions, including degranulation [36, 38]. Two of the most studied
MAPKs in neutrophils are p38 and ERK 1/2 [37]. Although both MAPKs are implicated in various
neutrophil mechanisms, only p38 activation has been linked to the fMLF-stimulated degranulation
of azurophilic and specific granules, which contain a variety of cytotoxic materials [35, 37]. Since
fMLF-induced degranulation was the only hindered neutrophil function observed thus far in the
laboratory, I hypothesized that F. alocis supernatant would have an inhibitory effect on fMLFstimulated p38 activation. Supernatant was obtained from F. alocis cultures that had been grown
for 14 d in BHI broth (Fig 5).
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Figure 5

Figure 5. Supernatant was collected from 14 d cultures of F. alocis in BHI broth. Bacteria were pelleted and the supernatant
removed. Supernatant was filtered (0.22 μm, sterilized) under sterile conditions to remove any remaining whole dead/live
bacteria.

Neutrophils were pre-incubated with either BHI broth or bacterial supernatant for 15 min.
BHI broth was used as a media/negative control for the bacterial supernatant, as is the culture
media use to grow the oral pathogen. The BHI broth was subjected to the same filtering process
as the F. alocis culture supernatant (Fig 5). Following the pre-incubation period, neutrophils were
either unstimulated or stimulated with fMLF for 1 min. fMLF is a small bacterial peptide that has
pro-inflammatory and chemotactic (attracts/activates leukocytes) activities on neutrophils.
N-formylated bacterial peptides, like fMLF, are present in the gingival crevicular space, so using
it as a neutrophil stimulus to test the potential effect of F. alocis derived molecules might resemble
the neutrophil response in vivo [25]. Moreover, the signaling cascades resulting from fMLFreceptor binding are known to “activate”, or phosphorylate, both p38 and ERK 1/2, which allowed
for fMLF to be used as a positive control in the following assays [36]. To determine the effect of
the supernatant on fMLF-stimulation of the MAPKs, protein quantification of phosphorylated p38
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and ERK 1/2 (P-p38 and P-ERK, respectively) levels were determined by Western blotting and
quantified by densitometric analysis (Fig 6). Total p38 and ERK (T-p38 and T-ERK, respectively)
protein levels were used as loading controls (Fig 6).
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Figure 6: F. alocis supernatant has no effect on fMLF-stimulated p38 activation, but selectively inhibits fMLF-stimulated
ERK 1/2 activation. Neutrophils (1 × 107 cell/ml) were resuspended in BHI culture broth (Broth) or F. alocis culture
supernatant (Sup) for 15 min. Cells were unstimulated (Basal) or stimulated with fMLF (300 nM, 1 min). Total cell lysates
were collected, and proteins separated by SDS-PAGE. A) Immunoblot analysis for phospho-p38 (P-p38) and total p38 (Tp38) were performed. Representative immunoblots for phospho and total p38 are shown. B) Densitometric analysis of
immunoblots for phospho and total p38 was performed (n=3 biological replicates). Data are expressed as mean ± SEM as
the ratio of phosphorylated to total kinase. *=p< 0.05, ns= non-significant. C) Immunoblot analysis for phospho-ERK (PERK) and total ERK (T-ERK) were performed. Representative immunoblots for phospho and total ERK are shown. D)
Densitometric analysis of immunoblots for phospho and total ERK was performed (n=3 biological replicates). Data are
expressed as mean ± SEM of the ratio of phosphorylated to total kinase. *** = P< 0.001, ns = non-significant.

As expected, stimulation with fMLF-induced p38 phosphorylation in cells treated with
broth when compared to basal conditions (Fig 6A-B). However, pre-treatment of neutrophils with
F. alocis supernatant alone resulted in significantly higher phosphorylation of p38 MAPK
compared to basal conditions in broth. No further activation of p38 MAPK was observed when F.
alocis pre-treated neutrophils were stimulated with fMLF. These results suggest that F. alocisderived molecules, present in the supernatant, were inducing p38 MAPK activation in the absence
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of stimulation. Furthermore, these data suggest that the inhibitory effect of F. alocis supernatants
on fMLF-stimulated degranulation was not due to inhibition of p38 MAPK activation (Fig 5A-B).
In contrast to p38 MAPK, no basal activation of ERK 1/2 was observed by pre-treatment
with F. alocis supernatant (Fig 6C-D). Furthermore, pre-treatment with F. alocis supernatant
significantly inhibited fMLF-stimulated ERK 1/2 phosphorylation compared to cells pretreated
with BHI broth (Fig 6C-D). Overall, the data shows that F. alocis supernatant was able to hinder
fMLF-activation of ERK 1/2, but not p38 (Fig 6). Surprisingly, this data illustrated that secreted
molecules of F. alocis were preferentially inhibiting ERK 1/2 activation, even though p38 is the
kinase that is primarily linked to induction of neutrophil degranulation by fMLF. Since ERK 1/2
has been explicitly observed to not be involved in degranulation of primary and secondary
granules, parallel inhibition of ERK 1/2 and degranulation by the secreted molecule was not likely
to be evidence of a link between the two, but suggested instead that the molecule may be inhibiting
other neutrophil functions as well [37]. Neutrophil chemotaxis and cytokine release are two
possibilities, as they are both directly associated with fMLF-induction of ERK 1/2 [36, 50].
F. alocis supernatant inhibitory effect on fMLF-stimulated ERK 1/2 MAPK is reversible
After finding that F. alocis culture supernatant preferentially inhibits fMLF-stimulation of
ERK 1/2, I wanted to start characterizing the nature of the secreted inhibitory molecule, beginning
with its method of regulatory binding. As enzymes, the MAPKs in neutrophils are subject to
various types of regulation, and the regulatory actions at one kinase can have a multitude of
downstream effects in the context of cell signaling [51]. Certain modifications are enzymecatalyzed and essentially non-reversible without the appropriate enzyme to remove the effector,
thus enabling effects that can last even after the modifying element is taken away. However, other
modifications exhibit effects that are more transient, as the effect can be swiftly reversed with
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removal of the modifying element [52]. Based on this difference between reversible and nonreversible types of kinase modification, I wanted to determine if the F. alocis supernatant
inhibitory effect would be retained upon removing it after 15 min of incubation and resuspending
the neutrophils back in culture media before fMLF stimulation.
To test this, I repeated the previously illustrated assays in Figure 6 along with two new
conditions. Because the F. alocis supernatant inhibitory effect appeared preferential towards ERK
1/2, further studies were performed only on this MAPK. After 15 min pre-treatment in F. alocis
supernatant, neutrophils were centrifuged down and resuspended in either Krebs + (K+) buffer or
back on F. alocis supernatant followed by fMLF stimulation. K+ is a neutral buffer prepared by
the Uriarte laboratory that can keep neutrophils alive and quiescent, and preliminary data I
gathered (not shown) displayed that it has no impact on the basal phosphorylated levels of p38 and
ERK 1/2. If the modification of the inhibitory molecule(s) present in the supernatant was through
covalent binding, I expected that cells in which the F. alocis supernatant was removed and replaced
by K+, labeled as “Sup (K+)”, would retain the inhibitory effect on fMLF-stimulated ERK 1/2.
However, if the modification was through proactive and non-covalent binding, I expected
diminished inhibition after supernatant removal and a restoration of fMLF-stimulated ERK 1/2
activation. The condition with resuspension back into supernatant, or “Sup (Sup)”, served as a
control for the resuspension itself (Fig 7).
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Fig 7. F. alocis culture supernatant inhibition of fMLF-stimulated ERK 1/2 MAPK is proactive and reversible. A)
Neutrophils (1 × 107 cell/ml) were resuspended in BHI culture broth (Broth) or F. alocis culture supernatant (Sup) for 15
min. Cells in the supernatant were then resuspended in Krebs buffer (Sup (K+)), F. alocis supernatant (Sup (Sup)), or left
alone, followed by no stimulation (Basal) or stimulation with fMLF (300 nM, 1 min). Total cell lysates were collected, and
proteins separated by SDS-PAGE. Immunoblot analysis for phospho-ERK 1/2 (P-ERK) and total ERK 1/2 (T-ERK) was
performed. Representative immunoblots for phospho and total ERK 1/2 MAPK are shown. B) Densitometric analysis of
immunoblots for phospho and total MAPKs was performed (n=3 biological replicates). Data are expressed as mean ± SEM
of the ratio of phosphorylated to total kinase. * = P< 0.05
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As the results show, “Sup (K+)” neutrophils that were removed from the bacterial
supernatant and into K+ showed a significant increase in fMLF-induced ERK 1/2 activation
compared to cells that were resuspended back into F. alocis supernatant (Fig 7 A-B). This data
indicates that the inhibitory effect is reversible, casting doubt on non-reversible modification and
suggesting that the bacteria-derived molecule(s) might exhibit proactive binding to promote the
inhibition of ERK 1/2 phosphorylation. More independent assays will be done to reduce the large
uncertainty in the “Sup (K+)” condition and achieve a significant increase between the
unstimulated and stimulated conditions in broth. Additionally, further assays will test neutrophil
resuspension into BHI broth instead of K+, as this would provide a better comparison to the basal
broth condition.
Flow-through from F. alocis culture supernatants holds the inhibitory activity
As the data in Figure 7 illustrated, the inhibition of ERK 1/2 by F. alocis supernatant is
reversible and suggestive of proactive modification within the neutrophil signaling pathway.
Although modifications of kinases can be based on protein-protein and protein-nucleic acid
interactions, these modifications are most often the products of non-reversible binding. Small
molecules and metabolites, however, are also known to impact kinase signaling, and are more
likely to do so through more easily reversible mechanisms [53]. Based on this knowledge and the
data that I had previously gathered, I decided to perform assays to provide a general sense of the
size and identity of the inhibitory molecule. To do this, I used an ultra-centrifugal filter unit with
a 3 kDa cutoff, which allows for a general separation of molecules below or above 3 kDa in
molecular weight. Normally, ultra-centrifugal filters are used to purify and/or concentrate proteins,
nucleic acids, and other biological molecules that have a molecular weight above the specified
cutoff. These concentrated fractions are retained in the “retentate” at a volume of 500 μl, and the
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rest of the solution and molecules below 3 kDa can pass through into a filtrate (“flow-through”;
Fig 8). However, I was more interested initially in what had passed through the filter than what
had been concentrated by it. As the 3 kDa cutoff stopped nearly all proteins and other large
molecules from passing, the remaining small molecules of the flow-through supernatant could be
tested for the inhibitory effect seen in previous assays.
Figure 8

Fig 8. Supernatant was collected from planktonic F. alocis cultures after 14 d of growth and filtered through 0.22 μm under
sterile conditions to remove any remaining live/dead bacteria. The bacteria-free supernatant (9-10 ml) was centrifuged
through a 3-kDa cutoff Amnicon® Ultra-4 Centrifugal Filter Unit to allow for the supernatant to pass through (flowthrough supernatant; FT supernatant). In certain assays, the concentrated filtride was collected (retentate) and
resuspended to the volume of the FT supernatant to ensure that both fractions were at the same concentration.

During the initial assays, only the flow-through supernatant was kept and used for
neutrophil treatment. After centrifugation, the flow-through (FT) filtrate was collected and the
retentate, which had been concentrated by 18 to 20-fold, was discarded. The FT supernatant was
not diluted but kept at its collected volume (Fig 8). Neutrophils were pretreated with BHI broth as
a control, whole bacterial supernatant, or FT supernatant for 15 min, and then subjected to no
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stimulation or fMLF stimulation for 1 min, as in previous assays. Following stimulation protein
lysates were collected and separated by gel electrophoresis and immunoblotted for
phosphorylated-ERK 1/2 and β-actin (Fig 9). The densitometric values shown are fold changes to
the negative control (Broth Basal) of phospho-ERK to β-actin ratios (Fig 9B). Fold change was
used to overcome the variations observed between biological replicates (independent blood
donors). As I had found previously that the inhibitory effect was reversible and possibly caused by
a small, diffusible molecule, I hypothesized that the FT supernatant would retain the inhibitory
effect on fMLF-stimulated ERK 1/2 phosphorylation. Since the FT supernatant was free of
molecules above 3 kDa in size, a continuation of the inhibitory effect on activated ERK 1/2 upon
FT supernatant treatment would suggest that a small molecule was responsible for the effect. In
contrast, a lack of inhibition following FT supernatant treatment would suggest that a molecule
that remained in the retentate fraction, likely a protein or nucleic acid, would be responsible
instead.

36

Figure 9
A

B

ERK 1/2

Fold change to control

5

***

**

4
3
2

ns

1
0

Basal

fMLF

Broth

Basal

fMLF

Sup

Basal

fMLF

FT Sup

Fig 9. Flow-through F. alocis culture supernatant inhibits fMLF-stimulated activation of ERK 1/2 MAPK. A) Neutrophils
(1 × 107 cell/ml) were resuspended in BHI culture broth (Broth), F. alocis culture supernatant (Sup), or flow-through F.
alocis culture supernatant (FT Sup) for 15 min. Cells were then unstimulated (Basal) or stimulated with fMLF (300 nM, 1
min). Total cell lysates were collected, and proteins separated by SDS-PAGE. Immunoblot analysis for phospho-ERK 1/2
(P-ERK) and β-actin was performed. Representative immunoblots for phospho ERK 1/2 MAPK and β-actin are shown. B)
Densitometric analysis of immunoblots for phospho ERK 1/2 MAPK and β-actin were performed (n=3 biological replicates).
Data are expressed as mean ± SEM of the fold change to control (Broth Basal) of the ratios of phosphorylated ERK 1/2 to
β-actin. ** = P<0.01, *** = P< 0.001, ns = non-significant.

My data showed that both the whole bacterial supernatant and the FT supernatant exhibited
a significant inhibition of fMLF-stimulated ERK 1/2 compared to the strong stimulation seen in
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broth conditions (Fig 9 A-B). These findings supported my initial hypothesis, as the inhibitory
effect appeared to remain even when proteins and other molecules larger than 3 kDa were removed
from the supernatant. However, it was still unclear as to whether the retentate, which included
these larger molecules, would show a different effect. To test this possibility, the previous
experiment was repeated with the replacement of broth with FT broth (to control for the ultrafiltration process itself) and the addition of the retentate (Fig 10). During the passing of 9-10 ml
of supernatant throughout ultra-filtration, the retentate was concentrated by 18–20 fold into 500 μl
of filtrate. To ensure that both the retentate and FT supernatant were at the same concentration, the
retentate was extracted and diluted to the volume of the collected FT supernatant. As the original
volume of F. alocis supernatant varied between 9–10 ml during each collection, the exact amount
of collected FT supernatant and the dilution for the retentate varied with each assay.
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Fig 10. Retentate of F. alocis culture supernatant did not inhibit fMLF-stimulated ERK 1/2 MAPK phosphorylation. A)
Neutrophils (1 × 107 cell/ml) were resuspended in BHI culture broth (Broth), F. alocis culture supernatant (Sup), flowthrough F. alocis culture supernatant (FT Sup), or flow-through F. alocis culture supernatant retentate (Ret Sup) for 15
min. Cells were then unstimulated (Basal) or stimulated with fMLF (300 nM, 1 min). Total cell lysates were collected, and
proteins separated by SDS-PAGE. Immunoblot analysis for phospho-ERK 1/2 (P-ERK) and β-actin was performed.
Representative immunoblots for phospho ERK 1/2 MAPK and β-actin are shown. B) Densitometric analysis of immunoblots
for phospho ERK 1/2 MAPK and β-actin were performed (n=3 biological replicates). Data are expressed as mean ± SEM
of the fold change to control (Broth Basal) of the ratios of phosphorylated ERK 1/2 to β-actin. *** = P< 0.001, ns = nonsignificant.

The results showed that pre-treatment of neutrophils with the retained supernatant (Ret
Sup) did not prevent fMLF stimulation of ERK 1/2 activation compared to pre-treatment with
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either the whole supernatant (Sup) or the flow-through supernatant (FT Sup). Furthermore, similar
induction of ERK 1/2 phosphorylation by fMLF was observed when neutrophils were pre-treated
with broth or with the retained bacterial supernatant fraction (Fig 10A-B). These results indicate
that the inhibitory effect induced by F. alocis derived molecule(s) did not persist in the retentate
fraction (Fig 10A-B). Furthermore, the basal and fMLF divisions of the FT Broth condition
displayed a similar pattern of activation to those of regular broth in the previous experiment (Fig
9), removing the possibility of the ultra-filtration itself acting as a confounding factor (Fig 10). As
the large molecules present in the retentate fraction did not keep the inhibitory effect, these findings
further supported the conclusion that the F. alocis-derived inhibitory molecule(s) present in the
bacterial supernatant was small (below 3 kDa in molecular weight) and likely not a protein.
Treated flow-through F. alocis culture supernatants retained inhibitory activity
The results in figures 9 and 10 showed that FT supernatant retains the inhibitory effect, and
that the F. alocis secreted molecule responsible for ERK 1/2 inhibition is likely of a low molecular
weight. However, though proteins and nucleic acids usually exceed the 3 kDa threshold that was
used during ultra-filtration, it was difficult to say with more certainty that the responsible molecule
was not one of these macromolecules. In order to characterize its molecular identity further, it was
necessary to produce supernatant that had been purged of proteins and nucleic acids and see if the
inhibitory effect remained. This was achieved by “treating” FT supernatant with DNase, RNase,
and proteinase K, followed by 95 °C heat-treatment for 2 h, in a process that has been previously
used on bacterial supernatant for the same purpose [44]. By exposing the supernatant to DNase
and RNase, it was expected that any present nucleic acids would be degraded; likewise, the activity
of proteinase K, which is a serine protease with broad-spectrum coverage, combined with
denaturation by heat was expected to render nearly all present proteins inactive. Cells were
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incubated with this treated FT supernatant, FT BHI broth as a negative control, or regular FT
supernatant, followed by fMLF stimulation. Collected protein lysates were separated by gel
electrophoresis and immunoblotted for phosphorylated-ERK 1/2 and β-actin. Since my previous
results strongly suggested that the supernatant inhibitory molecule was neither a protein nor a large
molecule, I hypothesized that the inhibitory effect would remain in the treated FT supernatant.
Densitometric values shown are fold-changes to unstimulated FT broth (Basal FT Broth) of
phospho-ERK to β-actin ratios (Fig 11B).
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Fig 11. Flow-through treated F. alocis supernatant retained inhibition on fMLF-stimulated activation of ERK 1/2. A)
Neutrophils (1 × 107 cell/ml) were resuspended in flow-through BHI culture broth (FT Broth), flow-through F. alocis culture
supernatant (FT Sup), or flow-through F. alocis supernatant treated with DNase, RNase, proteinase K, and heat (FT T.
Sup) for 15 min. Cells were then unstimulated (UT) or stimulated with fMLF (300 nM, 1 min). Total cell lysates were
collected, and proteins separated by SDS-PAGE. Immunoblot analysis for phospho-ERK 1/2 (P-ERK) and β-actin were
performed. Representative immunoblots for phospho-ERK 1/2 MAPK and β-actin are shown. B) Densitometric analysis of
immunoblots for phospho-ERK 1/2 MAPK and β-actin was performed (n=3 biological replicates). Data are expressed as
mean ± SEM of the fold change to control (FT Broth Basal) of the ratios of phosphorylated ERK 1/2 to β-actin.
*** = p< 0.001, ns = non-significant.
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In accordance with my hypothesis, the data I collected showed a strong inhibition of fMLFstimulated ERK 1/2 in the treated FT supernatant condition (FT T. Sup) compared to the strong
stimulation in FT broth (FT Broth) stimulated by fMLF (Fig 11A-B). Moreover, this inhibition on
fMLF-stimulated ERK 1/2 was no different than the inhibition produced by regular FT supernatant
(FT Sup). Since there was no loss of the inhibitory effect even after all proteins and nucleic acids
were removed from the supernatant, my findings further supported the idea that the secreted
product from F. alocis responsible for inhibiting ERK 1/2 activation is a small molecule or
metabolite, and not a protein nor a nucleic acid.
Biofilm F. alocis culture supernatant inhibits fMLF-stimulated ERK-activation
In the diseased oral environment, a large abundance of pathogenic bacteria live in multispecies biofilm communities, which involve the three-dimensional aggregation of bacteria and
extracellular matrix into a “plaque” that can adhere to tooth surfaces [11, 45]. During the process
of periodontitis, the deepening of the periodontal pocket between tooth and gum due to gingival
tissue destruction creates more surface area on the tooth, allowing for greater colonization and an
increase in the plaque mass [20]. Moreover, the nature of biofilm structures defers extra defense
against bactericidal and immune responses for the bacteria involved, which allows for greater
progression of the disease [54]. In vivo, F. alocis has been found to be an important component in
the structure of dysbiotic oral biofilms, suggesting that neutrophils will encounter F. alocis grown
in biofilms [20]. Although the F. alocis supernatant used in my previous assays had been from
planktonic cultures (suspended in BHI broth), it has been observed that bacteria grown in
periodontal biofilms can display different phenotypes to bacteria grown planktonically [55]. This
raised the possibility that the inhibitory effect I had observed in planktonic F. alocis supernatant
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may or may not be found in the supernatant collected from the oral pathogen grown in biofilm
cultures.
To ascertain the relevance of my results in the periodontal setting, supernatant was
collected from F. alocis biofilms. These biofilms were cultivated on a sterile 6-well plate by
inoculating F. alocis in BHI culture broth and allowing the bacteria to grow anaerobically for 14
d. Since the bacteria was in contact with a stationary phase, it was able to grow and adhere across
the bottom of each well (and on itself), in contrast to fully suspended growth. Neutrophils were
treated with the flow-through supernatant collected from these biofilm cultures and compared to
cells treated with flow-through of BHI broth (control) or planktonic supernatant and tested for the
effect on fMLF-stimulated ERK 1/2 levels. As no phenotypic differences between planktonic and
biofilm F. alocis have been recorded, I hypothesized that the inhibitory effect on ERK 1/2 would
still be exerted by molecules in the biofilm supernatant.
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Flow-through F. alocis biofilm supernatant inhibited fMLF-stimulated activation of ERK 1/2 MAPK. A)

Neutrophils (1 × 107 cell/ml) were resuspended in flow-through BHI culture broth (FT Broth), flow-through F. alocis culture
supernatant (FT Sup), or flow-through F. alocis biofilm culture supernatant (FT BF Sup) for 15 min. Cells were then
unstimulated (UT) or stimulated with fMLF (300 nM, 1 min). Total cell lysates were collected, and proteins separated by
SDS-PAGE. Immunoblot analysis for phospho-ERK 1/2 (P-ERK) and β-actin were performed. Representative
immunoblots for phospho-ERK 1/2 MAPK and β-actin are shown. B) Densitometric analysis of immunoblots for phosphoERK 1/2 MAPK and β-actin was performed (n=3 biological replicates). Data are expressed as mean ± SEM of the fold
change to control (FT Broth Basal) of the ratios of phosphorylated ERK 1/2 to β-actin.
** = P<0.01, *** = P< 0.001, ns = non-significant.
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The flow-through of the biofilm supernatant (FT BF Sup) exerted a significant inhibitory
effect on fMLF-stimulation of ERK 1/2 in comparison to the control FT broth (Fig 12B). This
inhibitory effect was not statistically different than the effect exerted by the flow-through of
planktonic culture supernatant (FT Sup), signifying that similar molecules were released by F.
alocis independent of its form of growth. These results indicate that my previous characterizations
of a secreted inhibitory molecule(s) are physiologically relevant in an in vivo setting.
F. alocis culture supernatants inhibit TLR2/6-stimulated activation of ERK 1/2 MAPK
Recently, F. alocis has been shown to be recognized by and activate neutrophils through
the dimerized TLR2/TLR6 (TLR2/6) receptor [33]. Activation of TLR2/6 is known to induce an
array of neutrophil functions, including cytokine release, and can do so in part through the
downstream activation of MAPKs like p38 and ERK 1/2 [56]. Since F. alocis culture supernatant,
which consists of secreted products but not the bacteria itself, was able to inhibit fMLF-stimulation
of ERK 1/2, I wanted to know if the supernatant could inhibit F. alocis-induced TLR2/6 activation
of ERK 1/2. Neutrophils encounter many other stimuli than just fMLF in the periodontal pocket,
so the relevance of the secreted inhibitory molecule(s) in vivo is enhanced if the effect is observed
with different stimuli. To test this possibility, neutrophils were pretreated with BHI culture broth
(control) or F. alocis supernatant for 15 min, then either left unstimulated or stimulated with
opsonized F. alocis at a MOI of 10:1. Cell lysates underwent SDS-PAGE and immunoblotting for
phospho-p38, phospho-ERK, total p38 and total ERK proteins. Though the inhibitory effect had
only been seen previously at ERK 1/2 when fMLF was used as the stimulus, I wanted to examine
the impact on both p38 and ERK when a TLR2/6 stimulus was used. I hypothesized that the
bacterial supernatant would still inhibit ERK 1/2 during F. alocis stimulation, but not p38,
mirroring the effect seen during fMLF-stimulation.
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Fig 13. F. alocis supernatant inhibited TLR-stimulated activation of ERK 1/2, but not p38. A-B) Neutrophils (1 × 107
cell/ml) were resuspended in BHI culture broth (Broth) or F. alocis culture supernatant (Sup) for 15 min. Cells were then
unstimulated (Basal) or stimulated with non-opsonized F. alocis, a known activator of TLR2/6, at 10:1 MOI (Fa). Total cell
lysates were collected, and proteins separated by SDS-PAGE. Immunoblot analysis for phosphor-p38 (P-p38), total p38 (Tp38), phosphor-ERK 1/2 (P-ERK), and total ERK 1/2 (T-ERK) were performed. Representative immunoblots for each
phosphor and total MAPK are shown. C-D) Densitometric analysis of immunoblots for phosphor and total MAPKs was
performed (n=3 biological replicates). Data are expressed as mean ± SEM of the fold change to control (Broth Basal) of the
ratios of phosphorylated to total kinase. * = P<0.05, *** = P< 0.001, ns = non-significant.

F. alocis supernatant preferentially inhibited TLR2/6-stimulated ERK 1/2 but not p38
phosphorylation (Fig 13). Similar to the results observed with fMLF stimulation (Fig 6), pretreatment with F. alocis supernatant alone induced p38 MAPK phosphorylation, which was not
further enhanced upon TLR2/6 stimulation (Fig 13A-B). However, pre-treatment with bacterial
supernatant significantly inhibited F. alocis-induced ERK 1/2 activation compared to the broth
condition (Fig 13 C-D). Because of the similarity to the inhibition of fMLF-stimulation I had seen
previously, I deduced that molecules present in the F. alocis supernatant can inhibit fMLF and
TLR2/6-stimulation of ERK 1/2.
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Discussion
One of the hallmark signs of periodontitis is the shift from a commensal to dysbiotic oral
polymicrobial community [14]. This drastic remodeling is marked by many conditions, including
leukocyte subversion by keystone pathogens, and permits many specialized, virulent pathogens,
like F. alocis, to colonize the oral environment [14, 19]. Although many interactions of F. alocis
in the periodontal space may remain to be uncovered, the bacterium has already been strongly
implicated as a manipulator of neutrophil function [17, 19, 35, 40]. This assertion is further
supported by studies presented here, which illustrate the ability of F. alocis to hinder neutrophil
mechanisms through both direct contact and distal signaling by the virulence factors released from
the microorganism. By taking control of immune cells that are meant to eliminate the microbial
challenge, it is possible that F. alocis is not only acting to avoid death but to assist in the survival
of other members of the dysbiotic community. Gaining a better understanding of the mechanisms
behind these interactions is thus imperative to disrupting the microbial etiology of periodontitis.
During infection, previous studies have shown that F. alocis is a fastidious organism, able
to resist reactive oxygen species and hinder degranulation at its phagosome once internalized by
neutrophils [17, 35]. Accordingly, the Uriarte laboratory has previously shown that more than 60%
of internalized F. alocis remain viable in neutrophils up to 4 h post-infection [35]. I was able to
corroborate this data by showing that the expression of F. alocis proteins in neutrophils, as a
measure of productive bacterial infection, remained at high levels at 3 h and persists at a lower
level at 18 h. Although levels of F. alocis proteins were expected to be high at 3 h given the
bacterium’s viability, it was surprising to see that F. alocis proteins had avoided total degradation
at 18 h because neutrophils are constitutively apoptotic and programed to die by 8–12 h [25]. As
this assay was limited in its scope, I could not determine the exact relationship of F. alocis protein
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quantity to bacterial viability, though there are a few possibilities. The bacterial proteins could
represent fragments of dead F. alocis bacteria that were able to delay their degradation and
continue eliciting inhibitory effects on the neutrophil. Furthermore, certain bacteria have
developed the ability to survive and replicate inside neutrophil phagosomes in order to infect
macrophages during efferocytosis, which is the phagocytic clearance of apoptotic neutrophils [46].
It is possible that the results I found represented viable F. alocis invoking a similar strategy, but
the bacterium’s ability to replicate during neutrophil internalization has not yet been tested.
Preliminary data from the Uriarte laboratory has shown that F. alocis interaction with
neutrophils delays the cell’s constitutive apoptosis program for up to 18 h post-infection. Although
inducing neutrophil death may seem more beneficial to a bacterium trying to avoid phagocytosis,
apoptosis of neutrophils and subsequent efferocytosis by macrophages are essential elements in
the resolution of inflammation, which would be disadvantageous to the dysbiotic oral community
[16, 25, 46]. It was initially unknown, however, whether internalized F. alocis also affected other
neutrophil functions at 18 h. My data corroborated that F. alocis delays neutrophil apoptosis and
revealed that the bacterium enhances neutrophil phagocytic ability after18 h relative to uninfected
cells. Even though this “enhancement” may just be an indirect result of forcing the aged neutrophils
to retain normal function and not become apoptotic, it still represents one way in which F. alocis
can exacerbate infected neutrophils’ contribution to the inflammatory environment and benefit the
microbial community. To confirm this, further assays will need to be run exploring the efficacy of
other killing mechanisms in aged, F. alocis–challenged neutrophils.
F. alocis exerts its manipulative effects not only through physical contact with neutrophils
but also by signaling from a distance with its secreted molecules. In the periodontal pocket,
leukocytes and bacteria exist within a vast “soup” of extracellular signals that allow cells to
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crosstalk and control each other over relatively wide distances [16]. For example, neutrophils can
release immune molecules known as cytokines to activate inflammatory pathways in other
neutrophils, and neutrophils can be attracted and activated by gradients of secreted bacterial
chemokines [22]. The neutrophil’s ability to respond precisely to such a complex array of stimuli
is dependent upon an equally complex system of receptors and signaling cascades, which in turn
provides ample prospects for opportunistic pathogens—such as F. alocis—to exploit.
In particular, MAPK signaling pathways are targets for pathogenic manipulation as they
help control many neutrophil responses against affronting microbes such as degranulation,
phagocytosis, ROS production, and cytokine/chemokine release [40, 57, 58]. Since preliminary
data from the Uriarte laboratory had demonstrated that molecules released by F. alocis were able
to hinder neutrophil degranulation, I wanted to gain a better sense of how this manipulation was
occurring by observing these molecules’ effect on p38 and ERK 1/2, two of the major MAPKs in
neutrophils [36, 37]. The activation of p38 and ERK 1/2 is often linked to similar upstream kinases,
and the two MAPKs often act in complementary ways within the neutrophil to activate a certain
response. In the case of degranulation, however, only p38 is involved [37]. Though I expected an
inhibitory effect to occur on p38 activation, cells I treated with molecules secreted by F. alocis (in
the bacterial supernatant) displayed no clear effect on p38 [38]. Since degranulation has been
observed to depend upon other types of signaling beyond MAPKs, including intracellular Ca2+
levels and phospholipid signaling, it is possible that the secreted molecule inhibited degranulation
through a p38-independent pathway [38]. Conclusive data on the p38 effect will need to be gained
before these options are explored.
The secreted molecules of F. alocis exerted a strong inhibitory effect on ERK 1/2
activation, which suggested that another function besides degranulation in neutrophils was being
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inhibited by the secreted molecules. To begin a characterization of how the secreted molecule was
affecting ERK 1/2, I found that the inhibitory effect was reversible, suggesting that the molecule
acted by proactively binding to a component of the MAPK signaling cascade. As reversible protein
manipulation like this has been more often observed by small molecules rather than
macromolecules, this finding led to several assays in which I further tested that the secreted
molecule was not a protein nor a nucleic acid and less than 3 kDa in size [53]. Based on my
investigations, the secreted molecule is likely a small peptide or metabolite. Secreted metabolites
are extremely common bacterial signals (including in the periodontal space), and changes in the
milieu of metabolites in the oral cavity have been linked to the progression of periodontitis [59].
In concordance with the polymicrobial etiology of periodontitis, a large host of the
pathogenic bacteria involved in the disease exist within complex, multi-species biofilms, attached
as plaques to the exposed tooth [20]. F. alocis is a known component of these structures. However,
I had used F. alocis planktonic cultures for my assays, and other bacteria can vary in their
physiology when grown planktonically or as a biofilm [55]. Biofilm-generated F. alocis culture
supernatant possesses a secreted inhibitory molecule that acts on neutrophils similarly to
planktonic supernatant. The biofilms I used, however, contained only F. alocis, whereas F. alocis
can create multi-species biofilms with bacteria like P. gingivalis in vivo [17]. Future studies
comparing the effects of supernatant from multi-species biofilms to mono-species F. alocis
biofilms would be beneficial.
Furthermore, I tested the effect of the secreted molecule on neutrophil stimulation through
activation of TLR receptors. Although I had used fMLF, which binds to its own receptor, as the
stimulus for the previous assays, neutrophils are exposed to many other stimuli in the periodontal
space that can activate the cell in similar fashion. One stimulus is the F. alocis bacterium itself,
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which has been shown to induce degranulation and inflammatory cytokine release by neutrophils
through recognition at the dimeric TLR2/6 receptor [33]. My data illustrated that the inhibitory
effect on ERK 1/2 remained during stimulation with F. alocis bacteria. This demonstrated that the
secreted molecule was not specific to the fMLF receptor and suggested that it was more likely
acting at a crossroad of signaling cascades within the cell in order to prohibit signals of a variety
of membrane receptors from activating ERK 1/2 and subsequent cellular responses.
Collectively, the results illustrate that F. alocis can act on and impair neutrophil functional
responses from a distance. Affected neutrophils are unable to degranulate and may also be inept at
cytokine/chemokine release, as well as, perhaps, other functions. Since these functions are key to
the killing of extracellular bacteria, F. alocis-derived molecules contribute to a growing pool of
impaired neutrophils in the periodontal space. This gives pathogenic bacteria a better chance at
surviving their interactions with neutrophils, and ultimately benefits the entire dysbiotic microbial
community.

Conclusions and Summary
F. alocis modulates normal neutrophil function through infection and distal signaling for
the sake of its own survival and the progression of a pro-inflammatory oral environment (Fig 14).
The bacterium is easily phagocytized but remains viable in neutrophils, hindering the neutrophil
constitutive apoptotic program and promoting the phagocytic response. Through distal signaling,
secreted products from F. alocis inhibit ERK 1/2 MAPK in neutrophils. ERK 1/2 is an important
regulatory protein involved in neutrophil responses such as chemotaxis and cytokine release, and
the secreted bacterial molecule may be acting to inhibit these. The secreted product is a small
molecule and very likely neither a protein nor a nucleic acid. Its secretion was observed in both
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planktonically and biofilm-culture F. alocis, and the small molecule inhibits ERK 1/2 activation
from multiple stimuli. Collectively, these results highlight the different tactics F. alocis uses to
favor its own survival and support the surrounding bacterial community by contributing to further
inflammation and host tissue damage.
Figure 14

Fig 14. Model of the interactions between F. alocis bacteria and neutrophils in the periodontal pocket. Based on the data
presented in this study, F. alocis bacteria can hinder the constitutive apoptotic program of neutrophils to increase the
neutrophil lifespan. During this extended lifespan, the neutrophil’s phagocytic capabilities are retained. Furthermore, F.
alocis grown planktonically and on a biofilm secrete bacterial products that inhibit ERK 1/2 activation from multiple types
of stimulation in neutrophils. The secreted product binds in a reversible manner to a component of the neutrophil MAPK
signaling cascade. The secreted product is also a small molecule, and likely neither a protein nor nucleic acid.

Future Directions
My results show that neutrophils aged with F. alocis for 18 h retain the ability to
phagocytize pathogens by hindering their progression into apoptosis (Fig 3). However, it remains
to be seen whether other neutrophil functions are conserved as well. Currently, I am examining
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neutrophils aged with F. alocis for 18 or 24 h in order to see if F. alocis-delayed apoptosis allows
for a greater production of ROS in neutrophils in response to a second bacterial challenge. Similar
to the experiments examining the phagocytic response of aged neutrophils, opsonized, heat-killed
S. aureus are being used as the second bacterial challenge for this assay because they are known
to induce a robust ROS response in neutrophils [30, 42].
Although ERK 1/2 is inhibited by the secreted molecule(s) of F. alocis, it remains unclear
whether this inhibition is directly at ERK 1/2 or an upstream kinase in the signaling cascade. TGFβ-activated kinase 1 (TAK1) is a kinase that has been previously shown to contribute to delayed
apoptosis and cytokine release by acting upstream of p38 and ERK 1/2, though with much stronger
effects at ERK 1/2 than p38 [60, 61]. Accordingly, TAK1 is activated by the same stimuli as the
MAPKs, including fMLF, TLR-ligands, and tumor necrosis factor (TNFα), which is an
inflammatory cytokine common in the periodontal space that regulates/activates neutrophil
functions in part through MAPK-signaling [25, 61] Preliminary data I have gathered has shown
that F. alocis secreted molecules are able to inhibit TAK1 activation by both fMLF and TNFα,
suggesting that the secreted molecule may be acting directly at TAK1. However, since p38activation is known to be slightly inhibited during TAK1 inhibition, my observations suggest that
p38 may also be inhibited by the F. alocis-secreted molecule, just to a lesser extent than ERK 1/2.
Previous experiments used cell populations that were >90% neutrophils, so if the inhibition of p38
is small, it may have been clouded by differential p38 activation in contaminating cells. Currently,
I am using ultra-purified (>99%) neutrophils to reexamine if the bacterial secreted molecule
inhibits p38 activation, as well as uncover the potential action of the inhibitory molecule at TAK1
or further upstream.
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As mentioned previously, ERK 1/2 activation is associated with the release of
inflammatory cytokines from neutrophils [50]. Although preliminary data has shown that the F.
alocis secreted molecule inhibits neutrophil degranulation, the effect on ERK 1/2-mediated
cytokine release has not been explored. I shall use supernatant collected from neutrophils during
exposure to F. alocis-secreted molecules to quantify the inhibitory molecule’s effect on cytokine
release. In addition, since MAPKs have been linked to the regulation of both translation as well as
transcription of cytokines, mRNA will be collected to evaluate the potential impact of F. alocisderived molecules on cytokine transcription.
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